and Ni-Mo/A1203 systems have been widely investigated with respect to their ability to catalyze hydrotreating reactions such as HDS and HDN. Efforts have also been made to improve their catalytic activity by finding appropriate secondary promoters.
Phosphorus, present as phosphate, can be considered to be one of the most effective modifiers to the above-mentioned catalysts; in fact, it appears to be a component in a number of commercial catalysts. In the literature, phosphate is described as a promoter for hydrodesulfurization (l-9), hy- drodenitrogenation (24, and hydrodemetallization (5) reactions. In addition to promoting the catalytic activity, other beneficial properties have been ascribed to the phosphate additive. It has been said to provide increasing strength and heat stability to the alumina support (10, 11). Usually, phosphoric acid is added to increase the solubility of the precursor metal salts in the impregnation solutions, the advantage being that promoted catalysts can be prepared with a single impregnation step (1-3, 6-9, 12, 13). The promotion effect of phosphorus on the catalytic activity is tentatively explained as resulting from an improved dispersion of the precursor metal salts on the support. More specifically, because of the high solubility of the metal salts in the phosphoric acid-containing impregnation solution, the deposition of large crystalline aggregates on the support surface is minimized (1-3, 6-9). Nevertheless, the promotion effect of phosphorus on HDS activity is not really understood, and the structures of phosphorus-containing catalysts have not been fully elucidated. It is also known (2) that large amounts of phosphoric acid (larger than 12 wt%) adversely affect the activity of the catalyst for both HDS and HDN reactions. This poisoning effect of phosphorus is likewise not understood.
In striking contrast to alumina-supported catalysts, it was demonstrated that for carbon-supported molybdenum sulfide catalysts, phosphorus should be regarded as a severe poison, as it drastically reduces the HDS activity of the catalysts even at very low phosphorus contents (14-16). This contradictory behavior of phosphorus, being a promoter on the one hand and a poison on the other, is very intriguing.
The present study aims to shed more light on this problem by evaluating the properties of phosphate-containing activated carbon-and alumina-supported MO catalysts. A series of MO catalysts with varying phosphorus content and nearly constant metal content was prepared and evaluated for their thiophene HDS activity. X-ray photoelectron spectroscopy and dynamic CO chemisorption were used to characterize the catalysts.
EXPERIMENTAL Catalyst Preparation
A. Alumina-supported catalysts. Phosphorus-containing catalysts, supported on alumina (Ketjen Grade B; BET surface area, 270 m2 g-i ; pore volume, 1.9 cm3 g-l), were prepared by a stepwise pore volume impregnation method in which aqueous phosphoric acid (Merck p.a.) was added first, followed by the active metal salt component, ammonium heptamolybdate (Merck p.a.). After the impregnation step, the catalysts were dried in air (16 h), starting at 293 K and gradually increasing the temperature to 383 K (3 h) where they were kept overnight. Finally, the catalysts were subjected to a calcination treatment at 823 K for 2 h in air, A series of catalysts was prepared, containing a nearly constant amount of MO and varying amounts of phosphate. B. Carbon-supported catalysts. The support used was an activated carbon (Norit RX3-Extra; BET surface area, 1190 m2 g-i ; pore volume, 1.0 cm3 g-i). Three different procedures have been applied for introducing phosphorus into the catalysts.
1. The carbon support was immersed in an aqueous solution of H3P04. After refluxing for 1 h, when most of the phosphate was chemisorbed by the carbon, the samples were filtered off and dried overnight in air at 383 K. Catalysts were prepared on the phosphate-containing carbon supports by pore volume impregnation using aqueous solutions of ammonium heptamolybdate. A series of catalysts containing a constant amount of MO as an active metal component, and having varying amounts of phosphate was prepared. After impregnation, the catalysts were dried in air, starting at 293 K and increasing the temperature to 383 K over 3 h, where they were kept overnight. The carbon-supported samples were not subjected to a calcination step because this is detrimental to the dispersion of the active phase.
2. The carbon support was impregnated (pore volume impregnation) with an aqueous solution of molybdophosphate (HjP (Mo30k&,. H20, Janssen Pharmaceutics). This complex will in the following be denoted 12-MPA. One catalyst sample was prepared by pore volume impregnation with IZMPA on a carbon support which already contained some phosphate (which was introduced according to procedure 1). The catalysts were dried overnight at 383 K in air.
3. After sulfidation of the phosphorusfree MO catalyst, prepared by pore volume impregnation in a fashion similar to that described before (procedure l), an aqueous solution of phosphoric acid was added to the sulfided catalysts by pore volume impregnation in a nitrogen atmosphere. This catalyst was dried overnight under flowing nitrogen at 293 K. It should be noted that the catalytic structure does not change significantly as a result of this impregnation procedure. We checked this by impregnating a sulfided MO catalyst with pure water and measuring its thiophene HDS activity. The HDS activity turned out to be nearly the same as those of the parent MO catalyst, indicating that no significant change in catalyst structure occurred.
The metal and phosphate contents of the precursor catalyst were determined by means of atomic absorption spectroscopy (Perkin-Elmer 3030 AAS spectrometer) and a standard analysis procedure (17), respectively.
C. Catalyst notation. In this article, catalysts will be denoted as Me(x)l( Y + P(z)), in which x represents the weight percentage of MO, and z the weight percentage of phosphate. Y denotes the type of carrier, Al for alumina and C for carbon (preparation procedures 1 and 2). The carbon-supported catalyst prepared by procedure 3 will be denoted (MoSJC) + P. In Table 1 , the different catalysts are shown schematically.
Catalyst Activity
Catalytic activity for thiophene HDS was tested in a micro-flow-reactor operating at 673 K and atmospheric pressure. Catalyst samples (0.2 g) were sulfided in situ in a mixture of H+S/H2 (10 ~01% H2S, flow rate 60 cm3 min').
The following temperature program was applied: starting at 293 K, the temperature was linearly increased at a rate of 6 K mini until 673 K, followed by extended sulfidation at 673 K for 2 h. In the case of catalysts prepared according to procedure 3 (see section on catalyst preparation), the extended sulfidation at 673 K was carried out for only 0.5 h. At 673 K a mixture of thiophene and Hz (6.2 ~01% thiophene) was introduced, at a flow rate of 50 
(MO&/C) + P l' For carbon as support material, three different preparation procedures, described in the section on catalyst preparation, have been applied. For alumina as support material, the conventional pore volume impregnation procedure has been used.
b IZMPA stands for the H3P(Mo301& complex.
cm3 mini. The reaction products were analyzed by on-line chromatography.
The thiophene conversion measured after a 2-h run was taken to calculate the first-order rate constants for HDS and the consecutive butene hydrogenation (HYD) reaction (18). The HDS reaction rate constant (km& is calculated as
in which F is the total flow rate (in m3 s-i), W the weight of catalyst (in kg), and x the thiophene conversion (in %).
The intrinsic catalytic activity is expressed as a quasi-turnover frequency (QTOF: moles thiophene converted, per mole active metal, per second).
X-Ray Photoelectron Spectroscopy (XPS)
XP spectra of the oxidic samples were recorded on a Physical Electronics 550 XPS/AES spectrometer equipped with a Mg anode (1253.6 eV> and a double-pass cylindrical mirror analyzer operating at a pass energy of 50 eV. The powdered samples were pressed on double-sided adhesive tape. Spectra were recorded in steps of 0.2 eV. The pressure did not exceed 6.6 x 10eh Pa and the temperature was approximately 293 K.
XP spectra of the sulfided samples were recorded on an AEI ES 200 spectrometer equipped with an Al anode (1486.6 eV) and a spherical analyzer operating at a pass energy of 60 eV. In order to avoid contact of the sulfided catalysts with air, a special sulfiding reactor was used (19) which allowed transfer of the samples to a Nz-flushed glovebox attached to the XPS apparatus without exposure to air. After sulfidation according to the procedure described above, the catalyst samples were flushed with purified He for 15 min at 673 K and subsequently cooled to room temperature. The samples were mounted on the specimen holder by means of double-sided adhesive tape. Spectra were recorded at 293 K in steps of 0.2 eV, and the pressure was lower than 1.3 x 10e6 Pa.
The C 1s peak (284.6 eV) was used as an internal standard for binding energy calibration and the MO over C photoelectron intensity ratios were used to measure the degree of dispersion of the MO phase on the support.
Theoretical intensity ratios were calculated according to the catalyst model described by Kerkhof and Moulijn (20) , assuming that the MO phase is exclusively present as isolated or polymerized monolayer species. Electron mean free paths were calculated according to Penn (21) , and electron cross sections according to Scofield (22 Table 3 . It should be noted that 0.03 wt% PO:-was present on the pure carbon support, in spite of the fact that it had been industrially purified with an HCl washing. In Fig. 1 the quasi-turnover frequencies (QTOF) are plotted for all the samples mentioned in Table 3 . Clearly, the QTOF values of Mo/(C + P) catalysts (procedure 1) decrease rapidly with only small amounts of phosphate, an observation already made in previous publications (14-16). The butene hydrogenation activity kHYD (expressed in kHYDIkHDS) seems less affected by phosphate than kHDS: the ratio kH&kHDS increases at high phosphate loadings. Thus, hydrogenation is still relatively fast, whereas hydrodesulfurization is strongly decreased. The HDS activity of catalysts prepared by impregnation with an aqueous solution of the IZMPA complex (procedure 2) is in line with the ordinary Mo/(C + P) catalysts as can be seen in Fig.  1 . Interestingly, introduction of phosphorus into a sulfided MO/C catalyst (procedure 3) also resulted in a strong poisoning effect.
Characterization of Carbon-Supported
Catalysts XPS measurements were carried out on the Mo(7.2)/(C + P(2.60)) and the Mo(7.0)/ C catalyst, as well as on the pure 1ZMPA complex, in both the oxidic and the sulfided form. The results are collected in Table 4 . The XPS results seem to indicate that the MO particle size of the phosphorus-containing precursor catalyst (1.7 nm) is larger than that of the P-free MO/C sample (cl.0 nm). This could mean that in the oxidic state a molybdophosphate phase with a larger particle size than that of the molybdate phase is formed. Upon sulfidation, however, all the MO particles are converted into MO& as judged from the MO 3d binding energies (229.3 and 232.5 eV +-0.2 eV) and the sulfur-to-molybdenum ratio of 2.2 k 0.2. The binding energies of the MO 3d and S 2p XPS electrons in sulfided Mo/(C + P) are almost equal to those of the sulfided MO/C catalyst, indicating that phosphorus does not influence the chemical state of MO&.
BOUWENS
ET AL. The size of the MO& particles present in the sulfided Mo(7.2)/(C + P(2.60)) catalyst (2.6 nm) is consistent with that of Mo(7.0)/ C: 2.2 nm. This signifies that in a sulfided Mo/(C + P) catalyst the active phase dispersion is roughly the same as that for a sulfided phosphorus-free MO/C catalyst. The P 2p binding energy in the sulfided state of Mo(7.2)/(C + P(2.60)) is the same as that of its oxidic precursor: 133.8 + 0.2 eV.
To see if a molybdophosphate can be converted into MO&, the 1ZMPA complex was sulfided under the standard conditions and XP spectra of the oxidic and sulfided forms were taken. These XPS data show that 1ZMPA is sulfided to form a MO sulfide (according to the MO 3d binding energies) with a S/MO ratio of 1 S. This value is, however, lower, as expected for MoS*, so possibly sulfidation was not complete. The P 2p binding energy of the complex in the oxidic state is the same as that of Mo/(C + P), while in the sulfided state the P 2p binding energy is also close to the reported value for the sulfided Mo/(C + P) catalyst.
CO chemisorption measurements were performed on Mo(6.9)/(C + P(2.30)) and on the P-free Mo(7.0)/C catalyst. The molar ratio CO/MO amounted to 0.04 for Mo(7.0)/ C but only 0.003 for Mo(6.9)/(C + P(2.30)). Apparently, the CO chemisorption is strongly decreased in the presence of phosphorus.
Formation of PH,
It is known from the literature (24) that HjP04 and (NH&HP04 can be reduced by HZ to PH3 (phosphine) at 873 K. It has also been reported (25) that a catalyst consisting of H3P04 on activated charcoal is reduced by HZ, starting at 673 K and resulting in the formation of white phosphorus. Since these experiments show that phosphate on a carbon support can be reduced, possibly to phosphine, it is instructive to investigate this phenomenon on our catalysts. An experiment was carried out in which a phosphate-containing carbon support (27 wt% PO:-) was reduced by HZ at 673 K (3 h). The outlet gases were bubbled through an aqueous solution of silver nitrate, an indicator for the presence of PH3. It was indeed found that PH3 had been formed. To investigate the possibility of poisoning by phosphine, we sulfided a Mo(7.0)/C catalyst and after sulfidation (according to the standard procedure) we introduced gaseous PH3 in a helium gas flow into the reactor at 673 K.
This experiment was carried out in situ and PH3 was prepared by hydrolysis of phosphonium iodide. After the PH3 treatment the thiophene HDS activity was measured. It was discovered that HDS activity had drastically decreased: kHDs was 0.2 X lop3 m3 kg-' ssr, while Mo(7.O)/C generally has a kHDs of 2.6 x 1O-3 m3 kg-' s-r; this means a decrease in HDS activity of more than 90% ! DISCUSSION To explain the poisoning effect of phosphorus in Mo/(C + P) catalysts, a number of explanations may be postulated:
(i) formation of a catalytically inactive metal-phosphate complex, (ii) decrease in active phase dispersion, (iii) incomplete sulfidation of the metal oxidic particles, and (iv) poisoning of the active sites.
Concerning the first possibility, the formation of a molybdophosphate complex in the oxidic precursor catalyst is not excluded. This was evidenced from the catalyst prepared from 12-MPA which showed an HDS activity similar to that of the conventional MO&C + P) catalysts. However, phosphorus addition to a sulfided MO/C catalyst (to prevent the formation of the oxidic molybdophosphate complex) resulted in the same HDS activity as that of a Mo/(C + P) catalyst. Furthermore, XPS of a sulfided I2-MPA complex showed that this complex can easily be converted to MO sulfide. These experiments prove that the existence of a molybdophosphate is not at all necessary for the P poisoning effect. The second possibility is also not valid since XPS showed that the active phase dispersion of Mo/(C + P) after sulfidation is not significantly decreased compared to that in MO/C.
From the XPS results it appears that a Mo/(C + P) catalyst is completely sulfided: the S/MO ratio is 2.2 and the binding energies of the MO 3d XPS electrons in sulfided Mo/(C + P) are almost the same as those in MO/C. This means that the explanation of the P poisoning in terms of a reduction in degree of sulfiding (possibility (iii)) is not valid either. From these results it seems that the active molybdenum sulfide phase of Mo/(C + P) is structurally equivalent to that of P-free MO/C. Yet the CO chemisorption capacity is strongly decreased in the presence of phosphorus. Bacheher ef al. (23, 26, 27) have shown that a linear correlation exists between CO chemisorption and thiophene HDS activity for unpromoted Ma/Al. According to Bachelier et al., CO chemisorption can be regarded as a means for titration of the anion vacancies, whereby one CO molecule would be able to detect one vacancy. Decreased CO chemisorption therefore points to a decrease in the number of vacancies.
Concerning the Mo(7.0)/C and Mo(6.9)/ (C + P(2.30)) catalysts, the decrease in CO chemisorption (90%) is remarkably proportional to the decrease in thiophene HDS activity (85%) measured for a comparable Mo(7.2)/(C + P(2.60)) catalyst. CO chemisorption thus reveals that the number of sulfur anion vacancies decreases when phosphorus is present on the catalyst. Since XPS showed that dispersion does not significantly decrease, this can only mean that the anion vacancies are in some way blocked, possibly by a phosphorus compound. This phosphorus compound could be PH3, which was demonstrated to be a possible poisoning agent. The phosphorus poisoning effect can consequently be explained as resulting from the adsorption of PH3 on the vacancy sites of the metal sulfides, in this way deactivating these sites.
Thus, poisoning of the active sites (possibility (iv)) seems the most likely explanation for all the observed phenomena of the phosphorus poisoning effect. It can explain why catalysts prepared by impregnation with a molybdophosphate complex (procedure 2) are poisoned: the phosphate in the complex is reduced to phosphine while molybdenum is sulfided during the presulfiding treatment. It can also explain why a sulfided catalyst is poisoned by phosphorus (the catalyst prepared according to proce-dure 3): phosphate is reduced during the additional presulfiding treatment to phosphine. In this respect it is relevant to note that also during the thiophene HDS run (the feed of which contains 93.8 ~01% HZ) the reduction of phosphate can occur. On the other hand, it is observed that the initial thiophene HDS activity (measured after a S-min run time) of the phosphorus-containing catalysts is always lower compared with the phosphorus-free catalysts, showing that a part of the poisoning already occurs during the presulfiding stage.
The XPS results show that the P 2p binding energy of the Mo/(C + P) catalyst in the sulfided state is the same as that in the oxidic state. This suggests that a large fraction of phosphorus is still present as phosphate. On the other hand, a P 2p binding energy of 133.8 eV points to the presence of phosphorus as P5+ or P3+ and rules out lower valencies (28) . Thus, the idea of phosphine is entirely possible.
In regard to the phosphorus poisoning, it is noteworthy that arsenic also poisons hydrodesulfurization catalysts (sulfided MO/ Al and Co-Ma/Al), as found by Merryfield et al. (29) . According to these authors, arsenic alters the electronic structure of the active sites, perhaps through the occupation of anion vacancies by arsenic atoms or clusters. The analogy between arsenic and phosphorus poisoning can now be understood, since both elements can form hydrides, AsH3 and PH3 (30) . The difference is that arsenates are much less stable than phosphates and as a consequence AsHj will be formed even when A1203 is used as a support.
In contrast to carbon-supported MO catalysts, alumina-supported MO catalysts are not poisoned under our reaction conditions by the presence of phosphorus. Obviously, no phosphine is formed on the alumina-supported catalysts. Apparently, phosphate cannot be reduced, most probably because it is tightly bound to the alumina carrier. Evidence for this can be found in the literature. For instance, Gishti et al. (II) found, in studying the role of phosphate in oxidic Mo/(Al + P) catalysts, that phosphate ions interact with the surface basic sites of the Al203 support. Haller et al. (31) found, in studying a high-temperature calcined NiMo/(Al + P) catalyst with 27Al NMR, that phosphorus inhibits the formation of A12(Mo0&, because of the formation of AlPOd species. The amount of phosphate ions that can interact with the surface sites of the alumina support is, however, probably limited.
When the phosphate content is too high, part of the phosphate might not be bound to the alumina carrier and, as a consequence, can be reduced to phosphine during sulfidation, resulting in a poisoning of the metal sulfides. Evidence for this can be found in the work of Muralidhar et al. (32) , who studied the effect of different additives, among them (NH&HP04, on the catalytic function of a sulfided Co-Ma/Al catalyst. They found that (NH&HP04 present at 0.5 wt% slightly promotes the thiophenes HDS activity measured at atmospheric pressure and 673 K, whereas (NH4)2HP04 present at 5.0 wt% resulted in an 80% decrease in thiophene HDS activity. It is also reported (2) that a Ni-MO/Al catalyst with a high phosphate content (larger than 12 wt% H3P04) showed decreasing HDS and HDN activities.
It is clear that in the case of carbon as a support, phosphate is easily reduced to phosphine, due to the inert character of the carbon carrier. As a result, phosphorus poisoning is large even at low phosphate contents. In the case of alumina as a support, due to the strong phosphate-support interaction, reduction of phosphate is nil up to moderate phosphate contents and therefore poisoning is absent. In fact, due to this strong phosphate-alumina interaction, phosphorus acts as a promoter, reportedly by preventing the formation of catalytically inactive metal aluminates, e.g., A12(MoO& (31) , and by increasing the strength and heat stability of the alumina support (10, 21). Also, the dispersion is supposed to be improved when phosphoric acid is present (University of Hull, England) for helpful discussions in the impregnation solution (1-3, 6-9).
on the effect of phosphate and phosphine.
However, if phosphate is present in excess, poisoning might take place. Thus, the amount of phosphoric acid used during catalyst preparation should not exceed the maximum phosphate binding capacity of the carrier material.
CONCLUSIONS
The thiophene HDS activity of carbonsupported molybdenum sulfide catalysts is strongly decreased by phosphorus, present as phosphate in the oxidic precursor catalyst. Alumina-supported MO catalysts, on the other hand, are not poisoned by phosphorus at the same phosphorus-to-metal ratios as used for the carbon-supported catalysts.
XPS studies on the carbon-supported phosphorus-containing catalysts showed that the oxidic molybdenum phase can be easily converted to the sulfide form. XPS also showed that the dispersion of the active phase present in the sulfided catalyst is not significantly decreased in the presence of phosphorus.
It is suggested that the poisoning of the carbon-supported catalysts by phosphorus is related to phosphine (PH3), which is formed by reduction of phosphate, probably during the presulfidation treatment. This phosphine might adsorb onto the anion vacancies of the metal sulfides and thus inhibit the absorption of thiophene onto these vacancies. As a consequence, the catalyst is deactivated.
The observation that phosphorus does not poison alumina-supported catalysts can be explained by the strong interaction of phosphate with the alumina support. Because of this strong interaction phosphate will not be reduced to phosphine.
